Abstract Alzheimer's disease (AD) is a progressive neurodegenerative disorder caused by the interplay of multiple genetic and non-genetic factors. Hypertension is one of the AD risk factors that has been linked to underlying pathological changes like senile plaques and neurofibrillary tangles formation as well as hippocampal atrophy. In this study, we investigated the differences in the genetic architecture of AD between hypertensive and non-hypertensive subjects in four independent cohorts. Our genome-wide association analyses revealed significant associations of 15 novel potentially ADassociated polymorphisms (P < 5E−06) that were located outside the chromosome 19q13 region and were significant either in hypertensive or non-hypertensive groups. The closest genes to 14 polymorphisms were not associated with AD at P < 5E−06 in previous genome-wide association studies (GWAS). Also, four of them were located within two chromosomal regions (i.e., 3q13.11 and 17q21.2) that were not associated with AD at P < 5E−06 before. In addition, 30 genes demonstrated evidence of group-specific associations with AD at the false discovery rates (FDR) < 0.05 in our genebased and transcriptome-wide association analyses. The chromosomal regions corresponding to four genes (i.e., 2p13.1, 9p13.3, 17q12, and 18q21.1) were not associated with AD at P < 5E−06 in previous GWAS. These genes may serve as a list of prioritized candidates for future functional studies. Our pathway-enrichment analyses revealed the associations of 11 non-group-specific and four group-specific pathways with AD at FDR < 0.05. These findings provided novel insights into the potential genetic heterogeneity of AD among subjects with and without hypertension.
Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disorder and the most common cause of dementia in elderly. In most cases, the exact biological processes resulting in AD are not clear and both genetic and non-genetic factors have been implicated in its pathogenesis (Alzheimer's Association 2016; Raghavan and Tosto 2017) . So far, many genetic variants have been associated with AD, of which those mapped to several genes such as the APOE cluster genes, CLU, CR1, GAB2, MS4A6A, PCDH11X, PICALM, and PPP1R37 demonstrated strong signals that were replicated in independent studies (Leslie et al. 2014; MacArthur et al. 2017; Raghavan and Tosto 2017) .
Among non-genetic risk factors, age has the strongest association with AD as it is almost three times more prevalent among people over 85 years old compared with those in their early sixties (Alzheimer's Association 2016). There are also reports on the potential links between AD and some vascular and life-style risk factors (e.g., cholesterol level, hypertension (HTN), and diabetes, inactivity, smoking, alcohol consumption, dietary habits, and obesity), although no causal relationships have been established yet (Daviglus et al. 2010; Alzheimer's Association 2016) . While some studies demonstrated that the modifiable risk factors may directly confer an aggregate AD risk of around 30-50% (Barnes and Yaffe 2011; Norton et al. 2014) , the others suggested that the effects of such factors may be mediated by their contribution to cerebrovascular pathology, and subsequent hypoperfusion and metabolic stress of brain (Stampfer 2006; Power et al. 2011; Thorin 2015) .
Among AD vascular risk factors, HTN, with a prevalence rate of 65% among those older than 60 years (Nwankwo et al. 2013) , is of great importance and has been implicated in both initiation and progression of AD (Power et al. 2011; Csiszar et al. 2017) . HTN may cause widespread damages to the cerebral microvasculature (e.g., blood-brain barrier (BBB) disruption, capillary loss, neurovascular uncoupling, microhemorrhages, and microinfarcts) leading to chronic brain hypoperfusion and hypoxic injuries, increased neuroinflammatory responses, decreased cerebral amyloid-beta (Aβ) clearance, and neuronal loss and dysfunction (Faraco and Iadecola 2013; Thorin 2015; Ungvari et al. 2017; Csiszar et al. 2017; Tarantini et al. 2017a; Tucsek et al. 2017) . Therefore, the HTN-induced structural and functional damages to the cerebrovascular integrity, which can be superimposed on the microvascular damages caused by aging and AD amyloid pathologies, may initiate or exacerbate cognitive impairment and AD . They may also play a role in development of the classical pathologic findings in the brain of AD patients such as amyloid plaques and neurofibrillary tangles (Power et al. 2011; Faraco and Iadecola 2013; Csiszar et al. 2017) . It was suggested that for a given level of such AD-induced pathologic changes in brain, dementia is more likely to appear in patients with more severe cerebrovascular diseases (Power et al. 2011) . Several studies have reported that HTN may trigger or accelerate the Aβ deposition in the neurovascular unit, and may promote tau protein phosphorylation (Petrovitch et al. 2000; Díaz-Ruiz et al. 2009; Carnevale et al. 2012; Sagare et al. 2013; Schreiber et al. 2014; Faraco et al. 2016 ). These in turn can aggravate the cerebral microvascular injuries . HTN was also reported to induce synaptic loss and synaptic plasticity impairment in hippocampus neurons that can affect memory establishment and contribute to the AD pathogenesis (Tucsek et al. 2017) .
Despite strong empirical evidence indicating associations between HTN and AD, it is not clear if the genetic mechanisms underlying AD might be, to some extent, different in patients who have ever suffered from HTN from those without any history of high blood pressure. In this study, we investigated if potentially different genetic makeup of hypertensive and non-hypertensive subjects may lead to some differences in the genetic bases of AD between them. The genetic analyses were performed in four independent cohorts using genetic information on~2 million genotyped and imputed single-nucleotide polymorphism (SNPs). Each dataset was divided into two groups of subjects with and without HTN, and the genetic predisposition to AD was then investigated through genome-wide association (GWA), transcriptome-wide association (TWA), gene-based, and pathway-enrichment analyses in each group.
Methods

Study participants
The following four independent cohorts were used to investigate the genetic basis of AD in the context of HTN status of subjects: (1) the SNP Typing for Association with Multiple Phenotypes from Existing Epidemiologic Data (STAMPEED) from Cardiovascular Health Study (CHS) (Fried et al. 1991) , (2) the SNP Health Association Resource (SHARe) from Framingham Heart Study (FHS) (Dawber et al. 1951; Feinleib et al. 1975) , (3) the University of Michigan Health and Retirement Study (HRS) (Sonnega et al. 2014) , and (4) the Late Onset Alzheimer's Disease Family Study from National Institute on Aging (NIA-LOADFS) (Lee et al. 2008) . Detailed information about the design, data gathering, and objectives of these studies can be found in the cited original literature and in the Supporting Acknowledgment section provided in the Additional File 1. All four studies were reviewed and approved by institutional review boards (IRBs). The CHS and HRS were population-based studies, and the LOADFS and FHS cohorts had family-based designs. In addition, all four predominantly sampled individuals of Caucasian ancestry. Therefore, only Caucasian subsets of these cohorts were included in our study in order to increase the power of analyses. Also, only original and offspring generations from the FHS were included in our study to make the age of participants comparable across all cohorts. Each dataset was divided into the hypertension-positive (HTN-P) and hypertensionnegative (HTN-N) groups. Subjects with and without HTN were directly determined by the LOADFS. For the other three datasets, those with three or more readings of blood pressure ≥ 140/90, with history of taking antihypertensive therapy (FHS, CHS, and HRS), or with hypertension diagnosis in Medicare claims according to the International Classification of Disease codes, Ninth revision (ICD-9) (CHS and HRS), were considered as the HTN-P group. With respect to AD status, cases and healthy controls were directly identified by the LOADFS and FHS studies, and were determined by using proper ICD-9 codes in the CHS and HRS datasets. Table S1 contains demographic information about these four cohorts.
Genotype data and quality control Since different genotyping platforms were used by four investigated cohorts, their genotype data were made comparable by imputing non-genotyped loci in each dataset to generate a common set of~2 million SNPs. Details of the imputation procedure were explained elsewhere (Nazarian et al. 2019) . Imputed SNPs with low imputation quality, measured as the squared correlation (r 2 ) between the imputed and expected true genotypes < 0.7, were first excluded. The remaining imputed SNPs along with directly genotyped ones were subject to quality control (QC) procedure to further remove lowquality SNPs and subjects/families according to the following criteria: SNPs with minor allele frequencies < 0.01, SNPs and subject with missing values > 5%, SNPs with Hardy-Weinberg disequilibrium P value < 1E−06, and SNPs, subjects, and families with Mendel error rates > 2% (LOADFS and FHS cohorts). QC was performed using PLINK (Purcell et al. 2007) . Table S2 summarizes information about the SNPs that passed QC measures in the four investigated datasets.
Genetic analysis i. GWA analysis
Discovery and replication steps: each of the four cohorts of interest was used as a discovery set to detect the significantly AD-associated SNPs at the genomewide significance level (i.e., P < 5E−08) or suggestive levels of associations (i.e., 5E−08 < P ≤ 5E−06). These thresholds were selected to control for type I error rates arising from multiple testing issues. Significant association signals detected from each dataset in discovery step were then subject to a replication study in the other three datasets at significance level of 0.05.
Population structure: in each cohort, the confounding effects of potential population stratification were investigated by principal component analysis (PCA) of genotype data using a subset of unrelated individuals with identity-by-descent (IBD) values < 0.0884 and a subset of SNPs not in linkage disequilibrium (LD) (i.e., r 2 < 0.2 within any windows of size 100 SNPs across autosomal chromosomes) (Verma et al. 2014 ). The KING (Manichaikul et al. 2010 ) and PLINK (Purcell et al. 2007 ) packages were used to obtain the subsets of unrelated subjects and low-LD SNPs, respectively, and the GENESIS R package (Conomos et al. 2015) was used to perform the PCA. The genomic inflation factors (λ values) based on the results from logistic regression models (see below) are shown in Table S3 . The λ values were all smaller than 1.1 suggesting that population substructure had trivial confounding impact on our analyses (Wellcome Trust Case Control Consortium 2007). Statistical models: logistic regression models were fitted using PLINK (Purcell et al. 2007) to explore the associations between SNPs and AD in each of the HTN-P and HTN-N groups. The top 5 PCs, sex, and birth cohort (i.e., birth year as a proxy to adjust for age and secular trends in AD prevalence) of subjects and the additive genetic effects of SNPs were considered as fixed-effects covariates. Since ignoring family relationships in family-based cohorts may lead to inflation of type I error rates (McArdle et al. 2007) , the association signals of SNPs with P < 0.05 in the logistic regression analyses of the LOADFS and FHS were further validated by fitting generalized logistic mixed models (GLMMs) in which family IDs were considered as a random-effects covariate in addition to the aforementioned fixed-effects covariates. The GLMMs were fitted by the lme4 R package (Bates et al. 2015) .
Meta-analysis: in each of the HTN-P and HTN-N groups, the GWA results from the four investigated cohorts were combined by a conventional inverse variance meta-analysis to obtain meta-statistics of interest using GWAMA package (Mägi and Morris 2010) . The same significance thresholds used at the discovery phase were considered for interpreting the meta-analysis results.
Group-specific effects: for any SNPs that were specifically associated with AD in only one of the HTN-P and HTN-N groups, we further investigated if their odds ratios were significantly different between the two groups using a Wald's chi-square test with 1 degrees of freedom (Allison 1999) :
where b P and b N are the natural logarithm of odds ratios in the HTN-P and HTN-N groups, respectively, and se P and se N are their standard errors.
Analysis of the pooled samples of HTN-P and HTN-N groups: for SNPs that were significantly associated with AD in only one of the HTN-P and HTN-N groups and, in addition, had demonstrated significant group-specific effects in Wald's chi-square tests of ORs, we investigated if their signals remain significant in pooled samples of the HTN-P and HTN-N groups. This was performed through a moderation analysis by fitting models that contained all aforementioned fixed-and randomeffects covariates along with HTN status and SNP-by-HTN interaction term as fixed-effects covariates. A significant P value from the interaction term indicated that the association of a given SNP with AD status was dependent on (i.e., moderated by) the HTN status in the pooled samples. The results from analyses in the four cohorts of interest were again combined by a conventional meta-analysis.
Between-cohorts genetic differences: as the four cohorts under consideration contributed different proportions of cases and controls to the conducted metaanalyses (e.g., the LOADFS contained most AD cases), it may raise the question if the heterogeneous contributions might potentially have impacted the meta-analyses results due to a selection bias. To investigate this issue, we calculated the fixation index (F ST ) as a measure of between-cohorts genetic differences (Weir and Cockerham 1984; Nei 1987) . The F ST value may range between 0 and 1, with values greater than 0.05 implying that there is a moderate to substantial between-groups genetic diversity (i.e., population stratification) that can explain a sizable portion of the genetic variance. The F ST values close to 0 indicate very small betweengroups genetic differences and negligible population structure (Hartl and Clark 1997) . In each of the HTN-P and HTN-N groups, the F ST values were obtained using SNPs with P meta-analysis < 0.05. The two SNP sets were LD pruned (as explained above in the "Population structure" subsection) to obtain sets of SNPs that were in small LD. The F ST values were estimated by the hierfstat R package (Goudet 2005) .
Comparing significant findings with previous GWAS results: SNPs significantly associated with AD were mapped to genes and chromosomal regions (i.e., cytogenetic bands) using the genes and regions coordinates provided by PLINK (Purcell et al. 2007 ) and UCSC Genome Browser (Casper et al. 2018 ). The GRASP (Leslie et al. 2014 ) and NHGRI-EBI GWAS (MacArthur et al. 2017) catalogs were searched to determine which of the AD-associated SNPs in our study were newly detected (i.e., they were searched to find any evidence of AD-associated SNPs with P < 5E−06 in the genes and chromosomal regions corresponding to the SNPs detected in our study). The newly detected SNPs were considered informative AD markers if they were not in LD (i.e., had r 2 < 0.4 and non-significant χ 2 test of LD) with previously detected AD-associated SNPs that had P < 5E−06 and were located in their 1 Mb up-/downstream regions. The LDlink web-tool (Machiela and Chanock 2015) was used to obtain LD measures for the SNPs of interest in the CEU population (i.e., Utah Residents with Northern and Western European Ancestry).
ii. Gene-based analysis
The results of conventional meta-analysis in each of the two studied groups were used to perform a genebased analysis that combines the test statistics of SNPs within 50 kb of any gene into a single measure of association for that gene. Here, the HRS dataset was considered as reference for calculating LD (i.e., r 2 metric) among SNPs corresponding to each gene, and subsequently pruning SNPs using a LD threshold of r 2 > 0.9. The gene-based analysis was performed using GCTA package (v1.26.0) (Yang et al. 2011) . The significant gene-AD associations were ranked and selected at false discovery rate (FDR) of 0.05 (Benjamini and Hochberg 1995) .
iii. TWA analysis In each of the HTN-P and HTN-N groups, a TWA analysis was performed by integrating our meta-analysis results with the summary results from previous expression quantitative trait loci (eQTLs) studies on blood cells (Lloyd-Jones et al. 2017 ) and brain tissue (Qi et al. 2018) . The TWA analyses were performed using SMR package (v0.68) (Zhu et al. 2016 ). Any probes with at least one significant eQTL (i.e., P eQTL < 5E−08) were included in our TWA analysis if the reported eQTLs were present in our study as well. This resulted in sets of~8250 and7 070 probes with cis-eQTLs when blood and brainspecific data were analyzed, respectively. In each group, the FDR threshold for SMR test was the significance level at which the number of possible false-positives was less than 1. Probes with significant P SMR (i.e., significant P SMR at FDR of 0.01 (HTN-N group) or 0.05 (HTN-P group)) were considered AD-associated if they had non-significant P values in the heterogeneity test (P HEIDI ≥ 0.05). A nonsignificant heterogeneity test indicates possible pleiotropic effects of a single locus that may confer AD risk and, at the same time, change the probe expression level (Zhu et al. 2016 ). Finally, if there was no AD-associated SNPs with P < 5E−08 within 1 Mb of genes with significant probes, they were considered potentially novel AD genes.
iv. Pathway-enrichment analysis
Pathway-enrichment analysis was performed through the same method explained for the gene-based analysis. SNPs within 50 kb of any genes contributing to a given pathway were considered as a SNP set for that pathway. Pathways defined by REACTOME pathway knowledgebase (Fabregat et al. 2018 ) and the Pathway Interaction Database (PID) (Schaefer et al. 2009 ) were included in our analyses (674 and 196 pathways, respectively). Pathways definitions were obtained from the Broad Institute gene set enrichment analysis (GSEA) website (Subramanian et al. 2005) . A FDR level of 0.05 was considered as the significance threshold.
Results
i. GWA analysis
In each of the HTN-P and HTN-N groups, the genetic basis of AD was investigated by GWA analyses of the LOADFS, FHS, CHS, and HRS cohorts which were then combined through an inverse variance meta-analysis. These resulted in the replicated and meta-analysis sets of AD-associated SNPs that are listed in Tables S4 and  S5 . Also, an overview of our significant findings is presented in Fig. 1 . The replicated SNPs were significantly associated with AD in a discovery dataset and their association signals were replicated in another cohort. The meta-analysis sets contained SNPs that were not among replicated sets, were genotyped in two or more cohorts, and had significant P values in conducted meta-analyses. Also, the Manhattan and QQ plots corresponding to these analyses are shown in Figures S1-S4. The Manhattan plots showed that in both studied groups and across all cohorts, the SNPs that were significantly associated with AD at the genome-wide significance level (i.e., P < 5E −08) were mostly located on the chromosome 19. In addition, as seen in Tables S4 and S5 , the significant SNPs that were located within the chromosome 19q13 region (i.e., APOE cluster genes region) were mostly non-group-specific whereas those located outside this chromosomal region were group-specific.
(a) SNPs outside the chromosome 19q13 region: the summary information about the replicated and metaanalysis sets of AD-associated SNPs that were significant in either HTN-P or HTN-N groups and were located outside the chromosome 19q13 region is provided in Table 1 . Detailed information about these SNPs, such as their allele frequencies, odds ratios (ORs), and P values in the four studied cohorts can be found in Table S6 . HTN-P group: there were no replicated SNPs with significant association signals in this group. However, we found that 6 SNPs had P < 5E−06 in meta-analysis of the four cohorts in the HTN-P group (Tables 1 and  S6 ). These SNPs were not associated with AD in the HTN-N group. In addition, a Wald's chi-square test revealed that their odds ratios were significantly different between the two groups with P < 0.05 (Table S7) indicating that they had group-specific effects.
The association signals of none of these SNPs were reported in previous GWAS. In addition, all of them were considered as informative potential AD markers because they were not in LD with any AD-associated SNPs within their 1 Mb flanking regions that had P < 5E −06 (Machiela and Chanock 2015) . Among the closest genes to these SNPs, GRIN2B corresponding to rs78210707 was previously associated with AD at P < 5E−06. Also, the chromosomal regions corresponding to rs1925458 and rs75036080 (i.e., 6p22.3 and 12q12, respectively) contained previously reported AD-associated SNPs at P < 5E−06 (Leslie et al. 2014; MacArthur et al. 2017 ). There were no AD-associated SNPs within the 3q13.11 region (corresponding to rs74528420, rs28868104, and rs4501143) in previous GWAS. Detailed information about the genes/ chromosomal regions with previously reported ADassociated SNPs can be found in Table S8 .
HTN-N group: there were 2 SNPs (i.e., rs11658260 and rs72934313) that had significant P values at the suggestive level of associations at the discovery stage, and their associations were replicated in another dataset at P < 0.05 (Tables 1 and S6 ). None of them had significant meta-analysis P values which may be attributed to their heterogeneous effects across different cohorts reflected by their high i 2 inconsistency metric (~0.9) and highly significant P values from Cochran's heterogeneity tests (P q < 1.5E−06). The impact of the heterogeneity of their effects was corroborated by the metaanalysis on the absolute values of the coefficients which resulted in considerably smaller P values than those from the conventional meta-analysis. There were 8 additional SNPs that were associated with AD at the suggestive level of significance in conducted metaanalysis (Tables 1 and S6 ). None of these 10 SNPs were associated with AD in the HTN-P group. Also, all of them had group-specific effects (i.e., their ORs were significantly different between the HTN-P and HTN-N groups with P < 0.05 in Wald's chi-square tests for comparing ORs (Table S7) ) . less than 0.05 in LOADFS, FHS, CHS, and HRS datasets, respectively (Yes, NO, Missing); P min : minimum P value detected for the SNP in the aforementioned datasets; Effects: direction of SNP's effects in the aforementioned datasets (Positive, Negative, Missing); A1.Freq: frequency of effect allele based on meta-analysis; OR (se): odds ratio and its standard error based on meta-analysis; P meta : P value of the SNP in meta-analysis; P q : P value of Q-statistics (Cochran's heterogeneity test); i 2 : i-squared inconsistency metric; P abs : P value of the SNP in metaanalysis on absolute values of effects (i.e., beta coefficients); Proxy?: if the SNP is in LD with any previously detected AD-associated loci whose P value is less than the one detected in this study (Yes, NO); Gene?: if previous studies have detected AD-associated SNPs with P < 5E−06 inside closest gene to the detected SNP (Yes, NO); Region?: if previous studies have detected AD-associated SNPs with P < 5E−06 inside chromosomal region in which the detected SNP is located (Yes, NO); *: Replicated SNPs
None of these SNPs were associated with AD in previous GWAS, and rs11909995 was the only SNP that was in LD with several previously detected ADassociated SNPs (i.e., rs12386284, rs1783012, rs1783013, rs926963, rs1893650, rs2226326, rs2829803, rs2298369, rs2829823, rs2829832 (Nazarian et al. 2019) ) within its 1Mb flanking regions (Machiela and Chanock 2015) . The other 9 SNPs were not in LD with previously discovered AD-associated SNPs within their 1 Mb up-/downstream regions that had P < 5E−06, indicating that they were informative potential AD markers.
There was no previous evidence of associations of the closest genes to these SNPs with AD at P < 5E−06. However, AD-associated SNPs at the genome-wide significance level were previously reported within 2p16.1 and 14q32.12 regions corresponding to rs243034 and rs3814837, respectively. Also, AD-associated SNPs at P < 5E−06 were previously discovered inside the chromosomal regions corresponding to rs72934313 (18q21.33), rs1353581 (4q35.2), rs10968750 (9p21.1), rs1447575, rs1447576, rs2666895 (11p11.2), and rs11909995 (21q21.3). There were no AD-associated SNPs within the 17q21.2 region corresponding to rs11658260 in previous GWAS (Leslie et al. 2014; MacArthur et al. 2017) . Further information about these genes/chromosomal regions can be found in Table S8 .
Analysis of the pooled samples of HTN-P and HTN-N groups: the associations of 16 group-specific SNPs, listed in Tables 1 and S6 , with AD were further investigated in the pooled samples of these groups by including the interaction term between HTN status and these SNPs in the models. The results from these moderation analyses are summarized in Table S7 . We found that all these SNPs except rs1925458 (that was among the significant SNPs in the HTN-P group) were significantly associated with AD (P < 0.05) in interaction with HTN status. In other words, their associations were different across different levels of the HTN status indicating that their associations with AD were dependent on and moderated by the HTN status of subjects. These findings substantiate the group-specific significant associations of these 15 SNPs with AD that were discovered in the stratified analyses of the HTN-P and HTN-N groups. However, as expected, the resulting P values (between 2.43E−04 and 4.64E−02) were larger than those detected in the stratified analyses because they measured the significance of the differences of SNP's effects between the two groups instead of measuring SNP's effects in a particular group. In addition, it is worthy of mention that detecting significant interactions, in general, requires larger sample sizes (> 4 folds) compared with detecting the main effects of the same magnitudes (Leon and Heo 2009) . The non-significant P value of the interaction between HTN status and rs1925458 (P = 1.19E−01) might indicate that the group-specific effect detected for this SNP in the stratified analysis was a false-positive finding arising from the insufficient sample sizes and power differences between the HTN-P or HTN-N groups.
(b) SNPs within the chromosome 19q13 region: the results regarding SNPs within the APOE cluster genes region that were mostly associated with AD in both HTN-P and HTN-N groups are discussed in the Additional File 1 and are summarized in Tables S9-S11 .
(c) Between-cohorts genetic differences: the overall Nei's (Nei 1987) and Weir-Cockerham's (Weir and Cockerham 1984) F ST values were 4.00E−04 and 5.64E−04, respectively, in the HTN-P group, and 3.00E−04 and 4.59E−04, respectively, in the HTN-N group. The estimated pairwise F ST values for the four cohorts of interest (Table S12) were between 2.35E−04 and 7.00E−04 in the HTN-P group, and between 2.60E −04 and 6.00E−04 in the HTN-N group. In all cases, the F ST values were very small indicating negligible between-cohorts genetic differences (i.e., only a tiny portion of the genetic variance could be attributed to the potential between-cohorts genetic differences). Therefore, despite the heterogeneous contributions of the four investigated cohorts to our meta-analyses with respect to their case-to-control ratios, it is unlikely that the population structure arising from such trivial genetic differences may have had a significant impact on the modeled genetic variance compromising our metaanalyses results due to a selection bias.
ii. Gene-based analysis Most of the genes significantly associated with AD at FDR level of 0.05 were located inside the chromosome 19q13 region (Table 2 ) which harbors many ADassociated SNPs with P < 5E−08 in current and previous studies (Leslie et al. 2014; MacArthur et al. 2017 ). The only significant gene outside this region was JAM2 gene (inside the chromosome 21q21 region) that was detected in the HTN-N group. No AD-associated SNPs with P < 5E−08 were found within 1 Mb of this gene in our study or previous reports, although rs11909995 which is ~7 kb apart from JAM2 gene was associated with AD at the suggestive level of associations (P = 4.41E−06) in our meta-analysis in the HTN-N group. Also, ADassociated SNPs with significant P values at the suggestive level of associations were previously reported in this chromosomal region (Leslie et al. 2014; MacArthur et al. 2017; Nazarian et al. 2019) (Table S13) .
iii. TWA analysis There were 3 and 21 probes that passed both SMR and HEIDI tests in the HTN-P and HTN-N groups, respectively, when eQTLs data from blood cells was analyzed (Table 3) . TPM2 and GAMT genes had more than one significant probe. Significantly detected genes were groupspecific except for PADI4 gene that was significant in both HTN-P and HTN-N groups. Also, NDRG3 (significant in the HTN-P subjects) and AAR2 (significant in the HTN-N groups) were located~0.4 Mb apart within the chromosome 20q11 region. When brain-specific eQTLs data was analyzed, 10 probes/genes passed both SMR and HEIDI tests in the HTN-N group (Table 4) . The top eQTLs corresponding to these probes/genes were all nominally significant in our meta-analyses (1.55E−04 ≤ P GWAS ≤ 3.70E−02). Probes corresponding to ACAA1, SAAL1, and ST14 genes were significant in the analyses of both blood cells and brain-specific eQTLs data.
No AD-associated SNPs with P < 5E−08 were found within 1 Mb up-/downstream regions of these genes in our GWA analyses. However, evidence of strong associations with AD at the genome-wide significance level was reported for SNPs within 1 Mb of CACTIN, ERCC3, GAMT, and SAP30L genes by previous GWAS. Also, AD-associated SNPs at P < 5E−06 were previously reported in the 1 Mb flanking regions of AAR2, ACAA 1, AIM2, C16orf80, DHRS4L2, FOLH1, IFIT2, IFIT3, LOC100506476, MTHFSD, NDRG3, RMND5B, TMBIM4, and TMEM2 genes. In addition, PADI4, UVSSA, ACOX3, CDK14, SAAL1, and ST14 were located in chromosomal regions (i.e., 1p36.13, 4p16.3, 4p16.1, 7q21.13, 11p15.1, and 11q24.3, respectively) containing AD-associated SNPs at P < 5E−06 (Leslie et al. 2014; MacArthur et al. 2017) . No association signals at P < 5E−06 were discovered within 2p13.1, 9p13.3, 17q12, and 18q21.1 regions corresponding to DGUOK, TPM2, CWC25, and RPL17, respectively, in previous GWAS. Detailed information about previously detected AD-associated SNPs in these genes and chromosomal regions can be found in Table S13. iv. Pathway-enrichment analysis Our pathway-based analyses (Table 5) demonstrated that 15 pathways were significantly associated with AD at the FDR level of 0.05 that ensured the number of possible false-positives was < 1 among the significant findings. Of these, 11 pathways were significant in both HTN-P and HTN-N groups. The other 4 pathways were group-specific, as 1 of them was significant in the HTN-P group, and the other 3 were significant only in the HTN-N group.
Discussion
HTN is an important risk factor for AD which doubles the risk of disease incidence in elderly and contribute to its progression ). An increased number of studies have examined the potential links between HTN and AD underlying mechanisms. It has been suggested that, in addition to the hallmark pathologic changes such as amyloid plaques and neurofibrillary tangles, cerebral microvascular pathologies (e.g., arising from Aβ deposition) play an important role in cognitive impairment and AD pathogenesis. The dysfunction or degeneration of cerebral microvasculature may lead to the cerebral hypoperfusion, hypoxic stress, impaired clearance and increased deposition of Aβ, increased neuroinflammatory responses, and neuronal dysfunction or loss (Zlokovic 2011; Csiszar et al. 2017) . There is strong empirical evidence indicating that aging process and HTN per se can also cause structural and functional damages to the cerebral microvasculature that may lead to the cognitive impairment and/or AD onset, or may superimpose on AD-related cerebrovascular pathologies exacerbating AD progression (Iadecola et al. 2009; Csiszar et al. 2017) . For instance, a marked capillary rarefaction and subsequent decline in cerebral perfusion has been reported in old ages and in the brain regions affected by amyloid and tau pathologies in early stages of AD (Buée et al. 1994; Johnson et al. 2005) . HTN particularly in elderly may also cause cerebral capillary loss that can contribute to the AD pathogenesis (Suzuki et al. 2003; Tarantini et al. 2016) . Decreased cerebral blood flow can reduce Aβ clearance and increase its deposition in cerebral vessels, further damaging the cerebral microvasculature ). Also, HTN may damage the BBB structure and function, particularly in old ages (Zhang et al. 2010; Toth et al. 2013) . BBB disintegration has been implicated in the onset and progression of AD (Zlokovic 2011; Sagare et al. 2013; van de Haar et al. 2016; Montagne et al. 2017) . The BBB breakdown results in plasma proteins entering into brain parenchyma, and the subsequent Please see the description provided below Table 3 The false discovery rates (FDR) threshold for SMR test was 0.025 activation of microglia and neuroinflammation. It also promotes amyloid angiopathy, tau pathology, and neuronal loss (Sagare et al. 2013; Csiszar et al. 2017) . AD, aging, and HTN may also synergistically increase the risk of cerebral microhemorrhages (i.e., parenchymal hemorrhages with maximum diameters of less than 5-10 mm) which in turn can strongly exacerbate the cognitive impairment and AD progression (Jeerakathil et al. 2004; Yates et al. 2014; Ungvari et al. 2017) . In addition, it has been reported that AD patients suffer from the impairment of autoregulation of cerebral perfusion in response to the metabolic demands of functioning cerebral tissue (i.e., neurovascular uncoupling). Aging and HTN may also act in concert with AD-induced pathologies to further impair neurovascular coupling mechanisms, compromise cerebral blood flow, and consequently worsen cognitive dysfunction (Tarantini et al. 2017b, a; Wiesmann et al. 2017; Csiszar et al. 2017) .
In this work, we studied the potential heterogeneity of the genetic architecture of AD that may exist given the HTN status of subjects. Since the hypertensionpositive subjects (HTN-P) are likely to have different genetic backgrounds from hypertension-negative individuals (HTN-N) , it is also likely that the genetic mechanisms of AD represent some differences in these two groups. We investigated such potential differences through GWA, TWA, gene-based, and pathwayenrichment analyses which revealed both groupspecific and non-group-specific associations of several SNPs, genes, and pathways with AD.
In addition to replicating the associations of a number of previously reported AD-associated SNPs, mostly within the chromosome 19q13 region, our GWA analyses identified 15 new associations at the suggestive level of significance (Tables 1 and S6 ). These newly detected AD-associated SNPs were all located outside the chromosome 19q13 region and were group-specific as they were significantly associated with AD in either HTN-P or HTN-N groups and, in addition, their ORs were significantly different between the two groups. Of these, 14 SNPs were considered informative and novel potential AD markers as there were no proxy SNPs within their 1 Mb up-/downstream regions that were in LD with them and were previously associated with AD at P < 5E−06. Abbreviations: AD, Alzheimer's disease; GSEA, gene set enrichment analysis platform; HTN-P, hypertension-positive; HTN-N, hypertension-negative; NS, non-significant *The definition of pathway is based on the Pathway Interaction Database (PID). The other pathways are from the REACTOME pathway knowledgebase
The overlapping or closest genes to some of these SNPs were previously implicated in AD by GWAS or candidate gene studies. For instance, the genetic variations in GRIN2B gene (corresponding to rs78210707 that was significant in the HTN-P group) were suggested to play a role in amyloid-β (Aβ)-mediated synaptic damage, neuronal loss, and impairment of memory and learning ability (Kessels et al. 2013; Andreoli et al. 2014) . Also, SNPs mapped to this gene were associated with AD at the suggestive level of associations in previous GWAS (Leslie et al. 2014; MacArthur et al. 2017 ). In addition, SLC2A13 gene (corresponding to rs75036080 that was significant in the HTN-P group) may be involved in the Aβ production process because its silencing/ overexpression resulted in the decrease/increase of Aβ production (Teranishi et al. 2015) . Also, CHST1 gene (corresponding to rs1447575, rs1447576, and rs2666895 that were significant in the HTN-N group) that encodes a phase II drug metabolism enzyme was implicated in the variability of pharmacogenomics responses of patients to the medications for AD (Cacabelos 2016) . In gene-based analyses, besides several genes inside the APOE cluster genes region that were mostly significant in both investigated groups, JAM2 gene located inside the chromosome 21q21 region was associated with AD in the HTN-N group. Several SNPs in this region (e.g., rs1910621, rs2828893, rs2828897, rs12482241, rs2830165, rs2040280, rs13050454, rs219710, and rs7276641) were previously associated with diastolic blood pressure, plasma renin activity (Hiura et al. 2010) , and coronary disease (Wen and Yeh 2014) , with their minor allele having protective effects on these traits. This might indicate possible pleiotropic effects of the genetic variants in this region on both AD and HTN/cardiovascular diseases.
Our TWA analyses revealed evidence of associations of several probes corresponding to 28 genes with AD. Most of these associations were specifically observed only in one of the HTN-P and HTN-N groups, with PADI4 being the only significant gene in both groups. Also, ACAA1, SAAL1, and ST14 genes had significant probes in the analyses of eQTLs data from both blood cells and brain tissue. The corresponding top eQTLs were all nominally significant in our meta-analyses and, in addition, there were no AD-associated SNPs with P < 5E−08 within 1 Mb of these genes in our GWA analyses which might be due to the insufficient sample sizes in our study or the heterogeneity of SNP's effects across the four investigated cohorts which may both compromise the power of conducted meta-analyses. It is also worthy of mention that the detected associations from TWA analyses did not imply on causal relationships between the significant genes and AD. Instead, they provided a list of prioritized targets for further candidate gene studies (Zhu et al. 2016) .
These findings also provided additional support for GWAS and candidate gene studies that previously suggested some of these genes may be involved in AD pathology. For instance, previous GWAS have reported strong association signals (P < 5E−08) inside SAP30L and within 1 Mb of ERCC3, CACTIN, and GAMT genes (Leslie et al. 2014; MacArthur et al. 2017 ). ERCC3 and GAMT are located within the chromosome 2q14.3 and 19p13.3 regions in close proximity of two previously known AD genes, i.e., BIN1 and ABCA7, respectively. Also, CACTIN is located within the chromosome 19p13.3 region. Hermon et al. (1998) reported that the protein encoded by ERCC3 was increased in different regions of cortex and cerebellum of AD patients. Since ERCC3 is involved in DNA repair pathway, its upregulation might be indicative of a potential underlying oxidative stress (Hermon et al. 1998) . Also, the enzyme encoded by GAMT is involved in biosynthesis of creatine, a critical energy provider for brain neurons. The impairment of creatine energy system has been previously implicated in AD pathogenesis (Bürklen et al. 2006) .
Previous GWAS have also revealed suggestive association signals (P < 5E−06) within 1 Mb of AAR2, ACAA1, AIM2, C16orf80, DHRS4L2, FOLH1, IFIT2, IFIT3, LOC100506476, MTHFSD, NDRG3, RMND5B, TMBIM4, and TMEM2 genes (Leslie et al. 2014; MacArthur et al. 2017) . In addition, DGUOK, IFIT2, IFIT3, and RPL17 were empirically implicated in AD by studies on human subjects. For example, the mitochondrial protein encoded by DGUOK was reported to decrease in the entorhinal and precuneus cortex of AD patients (Ansoleaga et al. 2015) . IFIT2 and IFIT3 genes that encode two proteins involved in cytokine responses and innate immunity are located inside the chromosome 10q23 region that was linked to AD by linkage analyses of several independent studies (Grupe et al. 2006) . In addition, the interaction between IFIT3 protein and three other (i.e., APP, CDC37, and ST13) proteins was implicated in AD susceptibility (Soler-López et al. 2011) . The ribosomal protein encoded by RPL17 was found to be downexpressed in peripheral blood samples from patients with vascular dementia and AD (by~4.8-and~5.8-fold, respectively), compared with matched controls in a previous study .
The animal models and cell line studies have also revealed possible links between the cognitive impairment and/or AD pathology, and several other genes including AIM2 (Wu et al. 2016) , CWC25 (Butzlaff et al. 2015) , FOLH1 (Kim et al. 2010) , ST14 (Wirz et al. 2013) , and TMP2 (Hsu et al. 2017 ). There was also some indirect evidence linking ACAA1 gene to AD as the peroxisomal enzyme encoded by ACAA1 is involved in the biosynthesis of plasmalogens that were implicated in the metabolism and function of high-density lipoprotein cholesterol (HDL-C), a protective factor against AD (Maeba and Nakahara 2017) . Plasmalogens deficiency was previously reported in diseases caused by oxidative stress and aging such as AD (Goodenowe et al. 2007; Maeba and Nakahara 2017) .
Finally, our pathway-enrichment analyses revealed the associations of 15 pathways with AD at FDR level of 0.05. Eleven pathways were significantly associated with AD in both HTN-P and HTN-N groups. Four others were group-specific. These pathways were involved in processes such as mitochondrial function, lipid metabolism, immune system responses, cell-cell adhesion and junctional complex, and platelets homeostasis that have been linked to AD pathogenesis by previous studies (Querfurth and LaFerla 2010; Catricala et al. 2012; Liu and Zhang 2014; Leshchyns'ka and Sytnyk 2016; Stamatovic et al. 2016) . For instance, mitochondrial dysfunction has been reported as an important pathologic finding in AD patients which may both result from and promote Aβ deposition (Swerdlow 2017) . Dysfunctional mitochondria have also been implicated in augmenting oxidative stress (Querfurth and LaFerla 2010) . Since the oxidative stress plays an important role in initiating and aggravating the cerebral microvascular pathologies observed in AD, aging, and HTN , the dysregulation of pathways that cause mitochondrial dysfunction may contribute to the molecular mechanisms underlying such cerebral microvasculature damages. As another example, the junctional complexes (e.g., tight junctions and adherens junctions) were identified as essential components of BBB (Stamatovic et al. 2016) . Therefore, the dysregulation of proteins and pathways involved in cell adhesion and junctional complex may contribute to the functional and structural damages to the BBB integrity induced by AD, aging, and HTN (Zlokovic 2011; Montagne et al. 2015 Montagne et al. , 2017 Csiszar et al. 2017 ).
In conclusion, our GWA, TWA, gene-based, and pathway-based analyses revealed several groupspecific and non-group-specific AD-associated SNPs, genes, and pathways. These findings provided novel insights into the possible heterogeneity of the genetic architecture of AD attributed to HTN. Further independent studies with larger sample sizes are necessary to replicate these findings and to obtain a more comprehensive view of such genetic heterogeneities, which in turn may have tremendous impact on the translation to AD treatment. Albeit beyond the scopes and design of our study, an essential issue to be addressed by future studies is to investigate the extent to which different genetic effects in the HTN-P and HTN-N groups might be mediated by their interactions with vascular risk factors (i.e., gene-by-environment interactions) or by the cerebral microvascular endophenotypes (e.g., capillary rarefaction, BBB disruption, neurovascular uncoupling, and microhemorrhages). As mentioned above, these cerebromicrovascular alterations result from complex synergistic interactions among aging process, AD (e.g., through Aβ-mediated damages), and HTN. Consequently, it is likely that the molecular mechanisms underlying their genetic bases would not be completely the same in the HTN-P and HTN-N subjects; instead, genetic heterogeneity might exist at the level of microvascular endophenotypes as well. Protecting cerebral microvascular system has been suggested as a potential strategy for improvement of cognition, and AD prevention and treatment (Sagare et al. 2013; Richardson et al. 2015; Lin et al. 2017; Csiszar et al. 2017) . Therefore, exploring such potential genetic heterogeneities can be of great importance from a personalized medicine perspective as they may provide novel molecular targets for improving the cerebral microvasculature health and slowing down the AD progression.
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